The Morisky Medication Adherence Scale (MMAS-8) is a questionnaire developed for screening of non-adherence in patients with several chronic conditions, including uncomplicated hypertension. However, its accuracy in predicting nonadherence in patients with apparent treatment-resistant hypertension (a-TRH) is not known. Accordingly, we performed a retrospective study in 47 patients with a-TRH who had completed the eight-item MMAS during the initial clinic visit. Non-adherence was defined as presence of undetected serum levels of at least one prescribed antihypertensive drug by therapeutic drug monitoring. We found that 26% of patients were considered to have low adherence score (<6), while the actual prevalence of non-adherence was 51% by therapeutic drug monitoring. Sensitivity of the MMAS-8 was 26% (95% confidence interval, 10.3%-48.4%) with specificity of 75% (95% confidence interval, 53.3%-90.2%). By multivariate analysis, the MMAS-8 score was not an independent predictor of non-adherence, while certain clinical parameters such as heart rate were found to be independent predictors of non-adherence. Our study suggested limited accuracy of the MMAS-8 in detecting medication non-adherence in a-TRH. J Am Soc Hypertens 2015;9(6):420-426.
Introduction
Adherence to medications is a major challenge that clinicians often face in treatment of chronic medical conditions, including hypertension. This problem is even more pronounced in patients with apparent treatment-resistant hypertension (a-TRH) defined as uncontrolled hypertension with three or more antihypertensive agents or treated hypertension with at least a four-drug regimen regardless of blood pressure (BP). 1 Recent studies from our group and others have reported a high prevalence of non-adherence to antihypertensive medications among patients with a-TRH (50-60%) using the highly sensitive technique of therapeutic drug monitoring. [2] [3] [4] [5] Despite the enormous burden of non-adherence to the health care system, practical and reliable methods of adherence detection are not well developed. Adherence can be monitored by several methods such as patient self-report, detailed questionnaire, pill counts, prescription fill rate, or electronic pillboxes.
Among the self-reported measure of adherence, the Morisky Medication Adherence Scale (MMAS) has been used extensively and validated in the primary care setting in the patients with uncomplicated hypertension. [6] [7] [8] The questionnaire was originally developed as the four-item scale 9 and subsequently revised to an eight-item scale to address additional factors that may influence medication adherence. The questions in the eight-item scale are designed to avoid patients' tendency to overestimate their adherence to healthcare providers and were shown to have higher reliability than the original four-item scale. 10 However, both four-item and eight-item scales have never been validated in patients with a-TRH.
Accordingly, the goal of present investigation is to determine sensitivity and specificity of the MMAS-8 in a cohort of patients referred to a large tertiary care academic medical center specialty hypertension clinic against therapeutic drug monitoring. Furthermore, we also determine accuracy of other independent questionnaire and clinical predictors of medication non-adherence in detecting non-adherence to medications among patients with a-TRH.
Methods
The Institutional Review Board of the University of Texas Southwestern Medical Center approved this study. Medical records of all new patients referred to the hypertension specialty clinic at the University of Texas Southwestern Medical Center for a-TRH and evaluated between January 2009 and October 2014 were reviewed. Patients were included if they met the American Heart Association/Committee of the Council for High Blood Pressure Research definition of a-TRH: (1) failure to achieve office BP <140/90 mm Hg in patients prescribed three or more antihypertensive medications at optimal doses, including if possible a diuretic, or (2) ability to achieve office BP at goal but patient requiring four or more antihypertensive medications. 1 Patients were excluded if they were intolerant to three or more antihypertensive drug classes. Screening for white coat effect with 24-hour ambulatory BP monitoring was conducted for patients who reported normal home BP (<135/85 mm Hg), and patients with demonstrated BP control at home were also excluded. Either private medical insurance or Medicare covered all patients. All patients had reported that they were adherent to prescribed antihypertensive medications prior to therapeutic drug monitoring.
During each clinic visit, after the patient had been resting quietly for 5 minutes, BP was measured by nursing staff using the same validated oscillometric device (Welch Allyn, Vital Signs, Skaneateles Falls, NY) as recommended by guidelines.
11 BP measurement during a single visit was repeated three times separated by 1 minute, and these BP values were averaged. Since January 2009, serum levels of antihypertensive medications were assessed as part of our routine standard of care for new referrals with presumed a-TRH. Since December 2010, all patients were also asked to fill out an eight-item MMAS survey during the initial clinic visit to assess potential non-adherence to antihypertensive medications. Written permission was obtained from Dr Donald Morisky for use of the eight-item MMAS among the study participants. The study participants were also screened with an additional question ''In the past 7 days, how many times did you skip or miss your BP meds for any reason?'' Screening for non-adherence was conducted at Compliance with Clinical Laboratory Improvement Act (CLIA)-certified laboratories as previously described 2 (Supplemental Table 1 and Supplemental Figure 1 ). This technique has been validated previously for measuring levels of antihypertensive medications. 12, 13 Non-adherence was defined as presence of serum levels below detection limit of at least one antihypertensive medication prescribed to the patient by therapeutic drug monitoring.
Predictive value of medication adherence questionnaire was validated against non-adherence by therapeutic drug monitoring. We also determined clinical factors associated with medication non-adherence and assessed incremental predictive value of these factors when used in conjunction with adherence scale.
Statistical Analysis
Statistical analyses were conducted using SAS version 9.2 (SAS Institute, Cary, NC). All tests were two-sided, and a P-value < .05 was considered statistically significant. Data are presented as mean AE standard deviation (SD) or mean (95%) as appropriate. Baseline characteristics were compared among the adherent and non-adherent groups using the c 2 test for categorical variables and t-tests for continuous variables. For non-normally distributed variables, the Kruskal-Wallis test was used. Multivariate analysis to determine predictors of non-adherence was conducted with backward selection technique by first entering all candidate predictors in the model. Then, the least significant variable is deleted. The model is then refitted, and the least significant variable is again deleted. The cycle is repeated until the variables left in the model are all significant. Contribution of clinical predictors over and above that of adherence questionnaire in the prediction of medication adherence was analyzed with the use of discrimination (Harrell's C-statistic).
Results
Between 2009 and 2014, 227 consecutive patients were referred to the University of Texas Southwestern Medical Center Hypertension Clinic for a-TRH. Two patients were found to have white coat effect by 24-hour ambulatory BP monitoring. Therapeutic drug monitoring was performed in 78 patients, while 147 did not undergo measurement of serum drug levels because one of the antihypertensive drugs was not prescribed at or near maximal doses. The MMAS-8 was administered in 50 patients and was completed in 47 patients (Figure 1 ).
Of the 47 patients who underwent both therapeutic drug monitoring and completed the adherence scale, 24 (51%) had at least one antihypertensive drug prescribed below minimal detection limit and thus were non-adherent. Over two-thirds of the non-adherent patients had all the tested antihypertensive drugs below minimum detection limit. Characteristics of adherent and non-adherent patients are shown in Table 1 . The non-adherent group was significantly younger, had a higher proportion of females, and a significantly higher resting heart rate (HR). Prevalence of chronic kidney disease (CKD) was higher in the adherent than non-adherent group. In contrast, duration of hypertension, history of side effects to medications, frequency of drug dosing, and number of antihypertensive drugs were not significantly different between the two groups.
By the MMAS-8, 12 (26%) of patients had low adherence (score <6), 16 (34%) had medium adherence (score 6 to <8), and 19 (40%) high adherence (score ¼ 8). Average BP in the group with low, medium, and high adherence score was 155 AE 25/89 AE 11 mm Hg, 155 AE 35/91 AE 13 mm Hg, and 162 AE 32/94 AE 23 mm Hg, respectively (P ¼ .75 for systolic and .85 for diastolic BP). Responses to all questions in the 8-item MMAS were not different between the therapeutic drug monitoringbased adherent versus the non-adherent participants (Table 2) . Furthermore, the proportion of participants with high (MMAS score ¼ 8), moderate (MMAS score 6 to <8), and low adherence (MMAS score <6) on the MMAS-8 scale was not different among the therapeutic drug monitoring-based adherent versus non-adherent groups (Table 3) . Similarly, responses to the independent question #9 (Q9) ''In the past 7 days, how many times did you skip or miss your BP meds for any reason?'' were not different between the two groups. Using the MMAS-8 cut-off point of six or lower as measure of non-adherence, the sensitivity was found to be 26% (95% confidence interval [CI], 10.3%-48.4%) and specificity of 75% (95% CI, 53.3%-90.2%) with positive predictive value of 50% (95% CI, 21.1%-78.9%) and negative predictive value of 51% (95% CI, 34%-68.6%) when compared against therapeutic drug monitoring. The alpha reliability of the eight-item MMAS is 0.68. Sensitivity and specificity of Q9 was 39% (95% CI, 19.7%-61.5%) and 67% (95% CI, 47.7%-84.4%), respectively, with positive predictive value of 53% (95% CI, 34.3%-71.7%) and negative predictive value of 53% (95% CI, 27.8%-77.0%).
To determine clinical predictors of non-adherence using therapeutic drug monitoring, multivariate analysis was conducted using backward selection technique. Elevated HR was identified as an independent predictor of non- Area under the curve (AUC) resulting from receiver operating characteristic analyses was greater for clinical predictors (HR plus CKD) than the MMAS-8 score alone (Figure 2 ; P ¼ .003). When HR and CKD were added to the MMAS-8 score, the area under the curve increased significantly from 0.52 to 0.84 (Figure 2 ; P ¼ .001).
Discussion
The major findings from our study are 2-fold. First, selfreported medication adherence has limited sensitivity and specificity in detecting medication non-adherence in patients with a-TRH. Second, certain clinical characteristics of patients were stronger predictors of non-adherence than self-reported adherence.
Current guidelines advocate exclusion of pseudo-resistant hypertension from medication non-adherence as the first step in the management of a-TRH. Since physicians' ability to predict patients' adherence to antihypertensive medication is notoriously poor, 14 reliable and practical tools are needed to assess adherence to medications. Self-reported adherence as simply yes or no is well-known to underestimate prevalence of non-adherence. 15 Prescription fill rate may be more accurate than self-reported adherence, but it is time consuming to track, and information may not be accurate if the patients are not in an integrated health care system or fill prescriptions but do not take the dispensed medication. Pill count is also time-consuming and accurate in determining adherence only in 50%-70% of patients when compared with electronic pillbox 16 ,17 and 68% when compared with therapeutic drug monitoring. 18 More detailed self-reported questionnaires have been developed to detect medication non-adherence and avoid patients' tendency to report yes when they are simply asked if they have taken medications as prescribed. The four-item MMAS was shown to be correlated with level of BP control and found to be reliable when validated against prescription fill rate 7 and pill count. 8 The eightitem scale was also significantly correlated with proportion of patients with adequate BP control 10 and pharmacy refill data in the elderly hypertensive patients. 6 However, predictive accuracy of both four-item and eight-item MMAS in detecting medication non-adherence has not been validated in patients with a-TRH.
In our study, the eight-item MMAS was found to have limited accuracy in detecting non-adherence. Similarly, an independent questionnaire also performed poorly in this population when validated against therapeutic drug monitoring. Mechanisms underlying limited accuracy of questionnaires in detecting non-adherence in patients with a-TRH are unknown. Both four-item and eight-item MMAS address factors contributing to medication nonadherence but these factors may differ among a-TRH patients in the primary care setting versus specialty referral care setting. For example, history of side effects to medications and complexity of regimen were shown to be independent predictors of medication non-adherence in previous studies in the primary care setting. [19] [20] [21] [22] In our study, history of drug side effects was paradoxically higher in adherent patients, though the difference was not statistically significant. Furthermore, the number of antihypertensive drugs and frequency of drug dosing were not different between adherent and nonadherent groups. Other determinants, such as ability and availability of medical providers to counsel patients or adjust regimen to minimize drug side effects and maximize drug efficacy, may play a larger role. Alternatively, a-TRH patients may have tendency to provide socially acceptable responses to the questionnaire. This is evident in our study since only 26% of our subjects were found to have a low adherence score of <6, which is considerably less than the actual prevalence of nonadherence of 51% as confirmed by therapeutic drug monitoring. A recent large population-based study in the United States, the Reasons for Geographic and Racial Differences in Stroke (REGARDS) study, also reported very low prevalence of non-adherence of only 8%, using the four-item MMAS. 23 We also identified a higher proportion of females in the non-adherent group, which was consistent with findings from the REGARDS study 23 and one previous study in BMI, body mass index; BP, blood pressure; bpm, beats per minute; CKD, chronic kidney disease; DBP, diastolic blood pressure; ED, erectile dysfunction; eGFR, estimated glomular filtration rate; OSA, obstructive sleep apnea; SBP, systolic blood pressure; TDM, therapeutic drug monitoring.
Data presented as mean þ SD for continuous variables and mean (95% confidence interval) for categorical variables. * P < .05 compared with adherent group & P -value in bold refers to a value <0.05 for comparison between TDM adherent vs. non-adherent groups.
the tertiary care center. 4 However, the association between gender and medication non-adherence in our study became weaker after multivariate analysis accounting for HR and presence of other comorbidities. Although small sample size may be responsible for attenuation in the relationship, our study indicated elevated HR was a strong independent predictor of medication non-adherence, which was previously demonstrated in studies using therapeutic drug monitoring in a-TRH. 3, 12 Presence of CKD, however, was found to be a predictor of adherence to treatment. It is unlikely that presence of CKD is directly responsible for the adherent behaviour, but older age and higher proportion of male in the adherent group may contribute to differences in the prevalence of CKD. Figure 2 . ROC curves for models to predict adherence in patients with apparent treatment resistant hypertension. CKD, chronic kidney disease; HR, heart rate; MMAS-8, Morisky Medication Adherence Scale.
There are several limitations to our study. First, the study was done retrospectively in a referral hypertension specialty clinic population, limiting the generalizability of study findings. Second, only insured patients were included in the study and, thus, the data may not be applicable to the indigent care population who cannot afford health insurance. Third, since there is no gold standard for assessment of non-adherence, the sensitivity and specificity of therapeutic drug monitoring in detecting non-adherence has not been established. Fourth, the sample size of our study is small; 35% of the referred patients were excluded as they did not meet the criteria for therapeutic drug monitoring, and only a subgroup of all referred patients underwent screening with the MMAS-8. Nevertheless, our study has important implications in the evaluation of presumed a-TRH and raises caution against overreliance on the self-report questionnaire at least in the referral specialty care setting. Since therapeutic drug monitoring is already available for clinical use and covered by health insurance plans in the US and many countries worldwide, 22, 24 it should be considered for assessment of medication adherence, particularly when other less expensive methods yield inconclusive results. Future studies are needed to develop a cost-effective and time-efficient therapeutic drug monitoring strategy. Furthermore, large prospective studies are still needed to test validity of clinical variables, including HR, in predicting medication non-adherence in a-TRH. Supplemental Figure 1 . Analytical data from high-performance liquid chromatography analysis of amlodipine in one blank serum (left) and serum from one patient treated with amlodipine (right). The arrow represents amlodipine spectrum. 
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